Abstract. Sheet metal stamping is one of the most commonly used manufacturing processes, and hence, much research has been carried for economic gain. Searching through the literatures, however, it is found that there are still a lots of problems unsolved. For example, it is well known that for a same press, same workpiece material, and same set of die, the product quality may vary owing to a number of factors, such as the inhomogeneous of the workpice material, the loading error, the lubrication, and etc. Presently, few seem able to predict the quality variation, not to mention what contribute to the quality variation. As a result, trial-and-error is still needed in the shop floor, causing additional cost and time delay. This paper introduces a new approach to predict the product quality variation and identify the sensitive design / process parameters. The new approach is based on a combination of inverse Finite Element Modeling (FEM) and Monte Carlo Simulation (more specifically, the Latin Hypercube Sampling (LHS) approach). With an acceptable accuracy, the inverse FEM (also called one-step FEM) requires much less computation load than that of the usual incremental FEM and hence, can be used to predict the quality variations under various conditions. LHS is a statistical method, through which the sensitivity analysis can be carried out. The result of the sensitivity analysis has clear physical meaning and can be used to optimize the die design and / or the process design. Two simulation examples are presented including drawing a rectangular box and drawing a two-step rectangular box.
INTRODUCTION
Sheet metal stamping is one of the most commonly used manufacturing processes, but to assure good quality product with minimum production cost and time remains as an engineering challenge. It is known that the quality of a sheet metal forming part is largely dependent on the material flow within the dies during the forming operation. By applying lubricants the material flow can be increased without causing tearing. On the other hand, by increasing restraining force, normally achieved by means of blankholder force or drawbead, the material flow can be decreased preventing wrinkling and/or providing desirable stiffness of the workpiece. Therefore, tooling engineers often concern about how to control the material flow. The traditional method for designing the sheet metal forming process is based on experience, empirical equations and design handbooks. With the advance of computer technology, the traditional method has been replaced gradually by Finite Element Modeling (FEM). In fact the use of fem has became an industry standard now. The next goal is optimal design. Theoretically, it is possible to develop a fully automatic design optimization procedure through the iterative usage of FEM. For example, Tezuka, Kim and Huh [1] combined FEM and the Response Surface Method (RSM) successfully in designing a rectangular cup drawing. They used the so-called equivalent forces distribution for the drawbeads and acquired the desired principal strain distribution for a simple cup. For the parts with complex geometry, however, this approach is impractical since FEM is very time-consuming. Sosnowski Marczewska, and Marczewski [9] , introduced an "exact" method to calculate the sensitivity, called the Directly Differential Method. However, it is highly problem dependent and hence, is difficult to use in the shop floor. There are several other examples [6, 7] ; however, when the geometry of a part is complex, the optimization becomes very difficult.
To reduce the computation load of the conventional incremental FEM, the recently developed inverse FEM (also called the one-step FEM) is effective. There are a few different inverse FEM formations [4, 10 ,11] , but the basic principle is the same: they are based on Hencky's deformation theory to deduce the deformation information from the final workpiece shape by simplifying the forming conditions. This method can predict the strain condition of the part and initial blank shape in just one-step. Comparing to the incremental FEA method, this method can provide reasonably accurate result with much less time.
The attempts for optimizing of the sheet metal forming process based on inverse FEM have been endeavored ever since it was first developed. The commercial software like Simex ® can support some preliminary functions for optimization [5] . Guo and et al published several papers for combining the inverse FEM with a Sequential Quadratic Programming (SQP) to optimize the blank shape and the drawbead restraining forces [4] .
This paper presents a new method for predicting the part quality and optimizing the design of the sheet metal forming process. It is based on a combination of the inverse FEM and Monte Carlo simulation (more specifically, Latin Hypercube Sampling (LHS)). The rest of the paper is organized as follows: Section 2 is a brief review of the inverse FEM method and the sensitivity analysis method. Section 3 introduces the new method. Section 4 presents two simulation examples. Finally, Section 5 contains conclusions and future work.
A BRIEF REVIEW OF THE INVERSE FEM
The principle of the inverse FEM is well known and can be found from a number of literatures, for example [4, 5] . Here only the simplest formation that uses plane triangular element is briefly described.
As shown in Figure 1 , assuming two triangles representing an element in the initial blank, C 0, and in the final workpiece, C, are at the same plane. The position of a particle, X, in the initial blank, C 0 , can be interpolated with the element nodes, X i , as follows:
where, N i (ξ 1 , ξ 2 ) is the shape function and n the number of the nodes. For Constant Strain Triangle (CST) element with n = 3, the shape functions are as follows:
Illustration of the kinematics of a triangle membrane element in the inverse FEM formation
In the final configuration, C, with the node x i corresponding to X i , i =1, 2, 3, an arbitrary particle, x, can be interpolated as follows:
By differentiating Equation (3), the fundamental deformation gradient tensor, F, with respect to the initial coordinates, can be obtained:
where,
From Equation (2), The magnitude and direction of the in-plane principal stretches λ 1 and λ 2 are the eigenvalues and eigenvectors of [B] -1 respectively. Moreover, if incompressibility is assumed, we have the stretch in the thickness direction:
Thus, the logarithmic strains are:
with the assumption that their directions are the same as λ i , i = 1, 2, 3.
For more general cases where the element in the final configuration, C, are not at the same plane as the initial blank, coordinate transformation must be applied. Because only the initial and final deformation states are considered, Hencky's deformation theory can be adopted. Assuming the elastic strains anisotropic direction is the same as the plastic ones, the constitutive equation is:
where, {σ} is the Cauchy stress, E s the secant modulus of the strain-stress curve of the material, {ε} the strain, and P the anisotropic matrix with normal anisotropy value R:
Using the principle of virtual work on the final workpiece, the equilibrium equation is expressed in a weak form: (11) where { }dv 
Here, {µ * } and {ε * } are the virtual displacements and virtual membrane strains, respectively, and {f} the extern forces, which include the effects of friction, blankholder force, punch forces and etc.
Based on Equation (11), the force equilibrium equations can be deduced to a set of nonlinear equations, which can be solved using the NewtonRaphson method [4] . The solution gives the original shape of the initial blank and the estimated strains distribution of final workpiece. Accordingly, the tendency of cracks, wrinkles can be predicted based on the Forming Limit Diagram (FLD).
SENSITIVITY ANALYSIS BASED ON MONTE CARLO SIMULATION AND INVERSE FEM
In practice, the sheet metal forming process has inherent variations, which in turn cause the product quality variations. These variations include: (a) The blank material thickness variation, (b) The blank material property variations (e.g., the Lankford value; material hardening index, and etc), (c) The lubrication condition, (d) The blank loading error, (e) The blankholding force variation / drawbead restrain force variation, and etc.
Obviously, factors (a) and (b) are independent. But the rests are coupled with each other and are directly / indirectly related to the restrain force. For simplicity, factors (c), (d) and (e) are combined and considered as the external restrain. In other words, the external restrain includes the friction and the pressure in the normal direction. The friction coefficient can be treated as a global parameter while the pressure can be treated as spatially distributed parameters.
Then, the sensitivity analysis can be carried out to study how these variations affect the product quality. The classical sensitivity analysis is based on Monte Carlo Simulation [8, 1, 2], which requires a very large number of runs. In order to reduce the number of runs, the Latin Hypercube Sampling (LHS) is therefore used [8, 12] . LHS is a stratified sampling technique where a random variable is decomposed into equal-distance intervals with a probability distribution. One of the advantages of LHS is that it gives unbiased estimates for the mean and the distribution functions. Its efficient stratification property helps to extract a large amount of sensitivity information with a relatively small sample size.
The use of LHS method for sensitivity analysis involves the generation and exploration of a mapping from uncertain inputs to outputs [12] . Its basic steps are as follows: 14) where, m is the number of runs, and y k is the evaluation results in each run. To eliminate the influence of the data scaling, one can normalize the inputs and outputs. In this case, the standardized regression coefficients (SRC) are obtained. The absolute value of the SRCs can be used to provide a measure of variable importance while the sign of the SRCs can provide direction for optimization.
NUMERICAL EXAMPLES
To demonstrate the proposed new method, two examples are given below.
Example 1: Deep Drawing of a Square Box
In this example, the deep drawing of a square cup was analyzed. The blank material is aluminum. The blank dimension is 150 × 150 mm and the thickness is 0.81 mm. The blank is drawn to 20 mm in depth. The material property is as follows: Young's modulus = 71 GPa, Poisson's ratio = 0.33, and strain-stress relation is σ = 576.79(0.01659 + ε) 0.3593 MPa. For the stamping operation, it is assumed that the Coulomb friction coefficient µ = 0.162 and the blankholding force is 19.6 KN (which is equivalent to 2.44 MPa). Because of the symmetry of the part, only one quarter of the part is used for analysis (as a result, certain constraints must be applied). The flange area is divided into 12 segments as show in Figure 2 . The objective of the analysis was to study the influence of the variation of the blankholding pressure in the flange area upon the quality of the workpiece.
The deep drawing was first simulated with inverse FEM with the above setting. Figure 3 presents the result of thickness strains distribution in percentage, which is in a good agreement with the simulation results from the commercial software PAMSTAMP ® . From the figure, it is seen that four regions are of most interests as they are either thinnest, which is prone to fracture, or thickest, which is prone to wrinkling. These regions are denoted as the Region Of Interest (ROI).
After the initial evaluation, a total of 120 runnings of the inverse FEM were carried out with the holding pressure on the 12 segments varied uniformly from 0 to 4.88MPa. The variation also includes the Lankford value r, the friction coefficient f, the thickness t 0 , the strength coefficient K, and the strain exponent n. These runs generate the data for LHS. Table 1 shows the results of sensitivity analysis. As we can see that the Lanfords value r plays the most important role. This is because the material is aluminum, whose r value is only 0.64, hence it is easy to deform in thickness direction. The sensitivity index for r at different ROI also indicates that increase r value will reduce the over-thinning tendency for thinning area (ROI 1) and reduce the wrinkling tendency for thickening areas (ROI 2 ~ 4). Other parameters, for example friction coefficient or material hardening index, n, do not have such influence. In Figure 4 , the negative sensitivity values indicate that the increase of the normal pressure in any segment will cause the thinning of the ROIs. From the figure, it is seen that if there is a rupture in the thinnest area, i.e. ROI 1, the most effective way is to reduce the restrain force in the area of Segment 6, 8 ,11and 12 to facilitate the material flow. However, the effective way for preventing the wrinkling tendency of ROI 2 is to increase the restrain force in area of segment 3, 4, 9 and 10. Similar conclusion can also be founded in [4] .
Example 2: Deep Drawing of an Oil Pan
This example is the deep drawing of an oil pan, which is a more complicated problem. The geometry shape of oil pan is shown in Figure 5 . Note that only half is modeled as the part is symmetric. The FEM model consists of 16200 elements and 7890 nodes. The thickness strain distribution of the pan calculated with inverse FEM is also shown. As splitting is not a problem for this example, we are more concerned with the wrinkling problem in regions indicated in Figure 5 , especially for region 1 which has a change of drawing depth. The geometric transition and the progressive contact between punch and blank makes the rising wall wrinkle apt to occur. The sensitivity analysis was performed to determine the position of the drawbead. Figure 6 is the analysis result which shows the area which has the largest sensitivity index is proper to insert drawbead. 
CONCLUSIONS AND FUTURE WORK
The integration of inverse FEM and Sampling based sensitivity analysis provided a very effective and intuitive way for studying the influence of the key factors in sheet metal forming. The analysis result can be directly used to guide the direction in modifying /optimizing the sheet forming process parameters. Many works will be followed from here, for example, to combine the increment and inverse FEM to obtain both accuracy and speed, or to develop a detailed optimization algorithm for drawbead positions and force.
